Laminopathies are a group of disorders caused by mutations in the LMNA gene that encodes the nuclear lamina proteins, lamin A and lamin C; their pathophysiological basis is unknown. We report that lamin A/C-deficient (Lmna -/-) mice develop rapidly progressive dilated cardiomyopathy (DCM) characterized by left ventricular (LV) dilation and reduced systolic contraction. Isolated Lmna -/-myocytes show reduced shortening with normal baseline and peak amplitude of Ca 2+ transients. Lmna -/-LV myocyte nuclei have marked alterations of shape and size with central displacement and fragmentation of heterochromatin; these changes are present but less severe in left atrial nuclei. Electron microscopy of Lmna -/-cardiomyocytes shows disorganization and detachment of desmin filaments from the nuclear surface with progressive disruption of the cytoskeletal desmin network. Alterations in nuclear architecture are associated with defective nuclear function evidenced by decreased SREBP1 import, reduced PPARg expression, and a lack of hypertrophic gene activation. These findings suggest a model in which the primary pathophysiological mechanism in Lmna -/-mice is defective force transmission resulting from disruption of lamin interactions with the muscle-specific desmin network and loss of cytoskeletal tension. Despite severe DCM, defects in nuclear function prevent Lmna -/-cardiomyocytes from developing compensatory hypertrophy and accelerate disease progression.
Introduction
Lamins belong to the intermediate filament family of proteins and are predominant components of the nuclear lamina, a thin protein layer that separates the nuclear envelope from the nuclear matrix. Lamins also form a thin fibrillar web throughout the nuclear matrix (1, 2) . Lamins are classified as A type or B type. A-type lamins are widely expressed in differentiated cells and include four transcripts produced by alternate splicing of the LMNA gene: lamins A, C, Aδ10, and C2. B-type lamins are present in embryonic cells and are coexpressed with A-type lamins in differentiated cells. B-type lamins include lamins B1, B2, and B3, which are transcribed from the LMNB1 (B1) and LMNB2 (B2, B3) genes, respectively. Lamins A, C, and B2 are present in the adult heart (3). Lamins have a critical role in maintaining the structural integrity of the nuclear lamina and the spatial organization of proteins in the inner nuclear membrane. Interactions with lamins are also required for correct positioning of nuclear pore complexes and for anchoring heterochromatin at the nuclear periphery. Although the role of intranuclear lamins has not been clearly defined, the lamin scaffolding may contribute to the internal stability of the nuclear matrix. Collectively, these functions implicate lamins as important determinants of nuclear architecture (4-6).
The discovery of mutations in the LMNA gene has highlighted a previously unsuspected role of nuclear lamina proteins in the pathogenesis of a variety of human diseases, including dilated cardiomyopathy (DCM) with conduction system disease (7), EmeryDreifuss muscular dystrophy (8) , limb girdle muscular dystrophy type 1B (9) , familial partial lipodystrophy (10, 11) , Charcot-Marie-Tooth disease type 2 (12) , mandibuloacral dysplasia (13) , Hutchinson-Gilford progeria (14) (15) (16) , and atypical Werner's syndrome (17) . The mechanisms by which LMNA gene mutations cause these diverse tissue-specific phenotypes have not been elucidated.
Three principal hypotheses for the pathogenesis of laminopathies have been proposed (reviewed in refs. 5, 6) . First, abnormal interactions of mutant lamins with heterochromatin and with transcription regulators such as the retinoblastoma protein might alter gene expression. Second, structural weakness of the lamina might be a predisposing factor to mechanical stressinduced nuclear damage and apoptosis. Third, mutant lamins might have defective protein interactions with as yet undefined consequences. In vitro studies performed using transfected cells and patient fibroblasts have shown that some LMNA mutations cause focal nuclear envelope defects, mislocalization of mutant and WT lamin A/C, lamin B1, lamin B2, and emerin, and altered susceptibility to heat shock (13, 14, (17) (18) (19) (20) (21) (22) (23) (24) . While these data indicate that LMNA mutations can perturb nuclear properties, the precise relationship between these changes and the disease process has yet to be determined.
We have focused on the role of lamin A/C in the pathogenesis of DCM. Targeted deletion of the murine LMNA gene has been reported previously (25) . Homozygous (Lmna -/-) mice exhibit growth retardation from 2-3 weeks of age with clinical and histological features of muscular dystrophy by 3-4 weeks and uniform death by 8 weeks of age. Agematched heterozygous (Lmna +/-) mice exhibit no overt abnormalities. Although myocardial tissue sections from Lmna -/-mice show focal myocyte degenerative changes, the effects of lamin A/C deficiency on cardiac structure and function in vivo have not been evaluated. Here we show that Lmna -/-mice develop DCM with conduction abnormalities by 4-6 weeks of age. Detailed ultrastructural evaluation of Lmna -/-cardiomyocytes indicates that lamin A/C deficiency primarily causes destabilization of nuclear lamina structure and enhanced nuclear deformability, with intranuclear and extranuclear sequelae that promote the development of a severe form of DCM and limit compensatory hypertrophy.
Methods

Lmna knockout mice.
Lamin A/C-deficient mice were generated by targeted deletion of the Lmna gene, as reported previously (25) . Mouse genotypes were determined by PCR amplification of tail genomic DNA. Mice were maintained and studied according to protocols approved by our institutional Animal Ethics Committee.
Transthoracic echocardiography. Echocardiographic studies were performed in anesthetized mice (2.5% avertin, 0.005-0.010 ml/g) attached to an electrocardiographic (ECG) monitor using a 12-MHz phased array or 15-MHz linear array (for mice less than 12 g) probe and a Sonos 5500 ultrasonograph (Philips Medical Systems, Andover, Massachusetts, USA). Left ventricular (LV) parameters were obtained from M-mode recordings (or two-dimensional images for mice less than 12 g) in the short-axis view. Orthogonal left atrial (LA) diameters were obtained from two-dimensional images in the long-axis view.
Micromanometry and sonomicrometry. Mice were ventilated, anesthetized with ketamine (100 mg/kg), xylazine (20 mg/kg), and atropine (2.5 mg/kg), and then cannulated via the right common carotid artery with a 1.4F micromanometer catheter (Millar Instruments Inc., Houston, Texas, USA), and LV pressure was recorded. After sternotomy, pericardiotomy, and placement of a ligature (5.0 silk) around the inferior vena cava, four ultrasound crystals (0.7 mm outside diameter; Sonometrics Corp., London, Ontario, Canada) were secured to the epicardial surface with surgical glue. LV volume was derived from the epicardial baseapex and anterior-posterior dimensions (26) . Preload recruitable stroke work (PRSW) was derived from a series of beats over a wide preload range induced by transient vena caval occlusion (27) .
Isolated myocyte studies. Cardiac myocytes were isolated as described (28) . Cells loaded with the Ca 2+ -sensitive, single excitation, dual-emission fluorescent indicator Indo-1/AM (1.2 µM) were superfused with a standard Krebs-Henseleit solution containing 1.25 mM Ca 2+ at 32°C. Myocyte images were stored and dimensions obtained using Image Tool software. Cell shortening was measured by edge detection at 240 Hz using a variable frame-rate camera (MyoCam; IonOptix Corp., Milton, Massachusetts, USA). Simultaneous changes in intracellular Ca 2+ concentration were monitored (28) .
Light microscopy. Animals were sacrificed by cervical dislocation. Excised hearts were blotted dry, weighed, rinsed in PBS, fixed in 4% paraformaldehyde, and embedded in paraffin blocks. Myocardial sections (4 µm) were stained with H&E, Masson's trichrome (for interstitial fibrosis), or colloidal iron (for ECM) and were evaluated using light microscopy.
Immunofluorescence microscopy. Frozen tissue sections were fixed and then incubated with primary goat polyclonal anti-lamin B Ab (1:80 dilution; Santa Cruz Biotechnology Inc., Santa Cruz, California, USA), mouse anti-desmin mAb (1:100 dilution; Novocastra Laboratories Ltd., Newcastle, United Kingdom), rabbit polyclonal anti-sterol response element-binding protein-1 (SREBP1) Ab (1:25 dilution; Santa Cruz Biotechnology Inc.), and FITC-conjugated secondary Ab's. Paraffin-embedded myocardial tissue sections were deparaffinized, permeabilized, fixed, and then hybridized with a mouse pancentromeric heterochromatin probe (protocol G; Cambio Ltd., Cambridge, United Kingdom). Sections were counterstained with DAPI and examined with a Leica fluorescence microscope at a magnification of ×40 (lamin B, desmin), ×63 (SREBP1), or ×100 (centromeric heterochromatin).
Apoptosis detection. For in situ detection of DNA fragmentation, paraffin-embedded myocardial sections were deparaffinized, permeabilized, and triple labeled using a TUNEL assay (Promega Corp., Madison, Wisconsin, USA), DAPI, and mouse anti-α sarcomeric actinin. Sections were examined with a Leica fluorescence microscope at ×40 magnification. DNA fragmentation in LV tissue was also evaluated by an endlabeling method (29) .
Electron microscopy. Tissues were fixed in 2.5% glutaraldehyde/0.1 M sodium cacodylate buffer, washed, and postfixed with 2% osmium tetroxide and 2% uranyl acetate solution, dehydrated in ethanol series, and embedded in epoxy resin. Sections were viewed by transmission electron microscope (Hitachi 7000) at a magnification of ×6,000. For immunogold labeling, hearts were perfused with 0.5% glutaraldehyde/2.5% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.2), excised, fixed, and embedded in LR White resin (Polysciences Inc., Warrington, Pennsylvania, USA) as described (30) . Tissue sections were placed on 200 mesh nickel grids and immunolabeled with primary mouse anti-desmin mAb and secondary anti-mouse IgG conjugated with 15-nm gold particles (Amersham Life Sciences Inc., Arlington Heights, Illinois, USA). Immunogold-labeled sections were stained with uranyl acetate and lead citrate and examined by transmission electron microscope at ×30,000 magnification.
RNA analysis. Total RNA was isolated from LV tissue using Tri-Reagent (Invitrogen Life Technologies, Carlsbad, California, USA). Northern blot analyses were performed using α 32 P dATP-labeled cDNA or γ 32 P dATPlabeled oligonucleotide probes for atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), β-myosin heavy chain (β-MHC), desmin, myosin light chain 2v (MLC2v), phospholamban, sarcoplasmic reticulum Ca 2+ -ATPase 2a (SERCA2a), α-skeletal actin, SREBP1, and GAPDH. Hybridization signals were quantified using ImageQuant software (Molecular Dynamics, Sunnyvale, California, USA) and were normalized to the signal intensity of GAPDH. Expression levels of c-fos and c-jun were determined by real-time PCR using the LightCycler FastStart DNA Master SYBR Green I kit (Roche Diagnostics GmbH, Mannheim, Germany) with normalization to β-actin.
Protein analysis. For Western blot analyses, total protein was extracted from frozen LV tissue, separated on an SDS-PAGE gel, and hybridized with primary mouse anti-desmin mAb (1:100 dilution; Novocastra Laboratories Ltd.) or rabbit polyclonal anti-PPARγ Ab (1:1,000 dilution, Affinity Bioreagents Inc., Golden, Colorado, USA) with anti-mouse or anti-rabbit IgG HRP-conjugated secondary Ab's, respectively. Nuclear and cytosolic protein fractions were prepared from fresh LV tissue using NE-PER kits (Pierce Biotechnology Inc., Rockford, Illinois, USA), separated on an SDS-PAGE gel, and hybridized with primary rabbit polyclonal anti-SREBP1 Ab (1:200 dilution; Santa Cruz Biotechnology Inc.) with an anti-rabbit IgG HRPconjugated secondary Ab.
Statistical analysis. All data were analyzed by observers who were blinded to the mouse genotype. Continuous variables were analyzed using ANOVA and Student's t tests or multiple linear regression analysis (PRSW) (31). Statistical comparisons for in vivo studies of cardiac size and function were performed before and after normalization for body weight differences. Since body weight and tibial length are both affected by the disease process in Lmna -/-mice, normalization of data to these standard parameters has limitations. The marked differences in body size between the three groups of mice, however, needs to be taken into account when interpreting chamber dimension data. Data are expressed as mean plus or minus SD.
Results
Lmna -/-mice exhibit cardiac function abnormalities in vivo.
At birth, there were no differences in body weight or heart weight between WT, Lmna +/-, and Lmna -/-mice. By 2 weeks of age, Lmna -/-mice demonstrated growth retardation, with a 50% reduction in body weight by 4-6 weeks of age when compared with WT and Lmna +/-littermates (Tables 1 and 2 , Figure 1 ). Gross examination showed that heart sizes were similar in the three groups at 4-6 weeks ( Figure  1b ). In Lmna -/-mice, the LV was dilated, globular-shaped, and thin-walled, with a lower mass than in WT and Lmna +/-mice. This LV remodeling was reflected by a reduction in the wall thickness/chamber radius ratio (Tables 1 and 2 , Figure 1b) . Echocardiographic studies showed a severe global reduction in LV contraction in Lmna -/-mice at 4-6 weeks of age (Table  1) . LV systolic function was further investigated using micromanometry and sonomicrometry to measure the relationship between LV stroke work and enddiastolic volume (termed PRSW), a highly reproducible, load-independent index of contractility (26) . LV systolic pressure and heart rates were relatively low in all groups, due to the effects of anesthesia and the thoracotomy procedure (32) . The presence of marked LV contractile dysfunction and dilation in Lmna -/-mice was evident from a 70% reduction in PRSW slope and increased volume intercept (Table 2, Figure  2a ) (26) . Lmna -/-mice also developed LV diastolic dysfunction with a decrease in the peak negative value of the first derivative of LV pressure (dP/dt min ). There was a trend toward prolongation of tau, although this did not achieve statistical significance (Table 2) . A rightward and downward shift was observed in the LV enddiastolic pressure-volume relationship ( Figure 2b) . Determination of the stress-strain relationship, which is independent of body size, wall thickness, and chamber geometry, however, showed that myocardial wall stiffness was unchanged ( Figure 2c ). Cardiac function in Lmna +/-mice was similar to that of WT mice (Tables  1 and 2) . ECG parameters were similar in the three groups of mice at 2 weeks. At 4-6 weeks, Lmna -/-mice had relatively slow heart rates with lengthened PR and QRS intervals (Table 1) .
Lamin A/C-deficient myocytes exhibit contractile dysfunction. To determine whether the cardiac dysfunction LV function was assessed in vivo using micromanometry and sonomicrometry in WT (n = 9), Lmna +/-(n = 11), and Lmna -/-(n = 6) mice. Six beats of steady-state data were acquired; data were recorded at 1 kHz. All LV pressure and volume data are after thoracotomy. LV wall volume was derived by: LV weight/1.05. LV endocardial end-diastolic volume was derived by:
-LV wall volume, where a and b are the base-apex and anterior-posterior epicardial dimensions, respectively. A P < 0.05 compared with WT, B P < 0.05 compared with Lmna +/-(statistically significant differences before normalization for BW); C P < 0.05 compared with WT, D P < 0.05 compared with Lmna +/-(statistically significant differences only after normalization for BW). BW, body weight. observed in Lmna -/-hearts was due to an intrinsic myocyte defect, the contractile properties of single LV myocytes were evaluated using an edge-detection technique. Consistent with the in vivo data, Lmna -/-myocytes had reduced shortening compared with Lmna +/-and WT myocytes. Time to peak contraction and time to peak relaxation were prolonged in Lmna -/-and Lmna +/-myocytes (Table 3, Figure 2d ). Evaluation of Ca 2+ transients using Indo-1 fluorescence showed no differences in the baseline Ca 2+ levels, peak transient amplitude, or time to peak amplitude between the three groups of mice; however, time to 50% relaxation of the Ca 2+ transient was prolonged in Lmna -/-and Lmna +/-myocytes (Table 3 , Figure 2d ). When myocyte fractional shortening was plotted against change in Ca 2+ , there was a significant reduction in the slope of the contraction phase in both Lmna -/-and Lmna +/-myocytes when compared with WT mice, suggestive of altered Ca 2+ affinity (Table 3) . Evaluation of myocyte morphology showed that Lmna -/-myocytes were relatively short and thin with reduced sarcomere length. The myocyte length/width ratio in the three groups was similar (Table 3 , Figure 2e ). The latter finding was of particular interest, since development of eccentric hypertrophy with an increase in the length/width ratio is a characteristic feature of myocyte remodeling in DCM (33) . Selective changes in LV expression of molecular markers of heart failure in Lmna -/-mice. Sustained hemodynamic changes in DCM are associated not only with myocardial hypertrophy but also with transcriptional activation of immediate-early genes and reexpression of fetal genes (34) . At 2 weeks of age, there were no changes in expression of any of the molecular markers of heart failure evaluated, including the immediate-early genes, c-fos, and c-jun. In Lmna -/-mice aged 4-6 weeks, levels of ANP and BNP were increased (tenfold and 4-fold, respectively), with modest reductions of phospholamban (0.5-fold) and SERCA2a (0.2-fold) when compared with WT and Lmna +/-mice (Figure 1c) . Unexpectedly, given the presence of severe DCM, there were no changes in β-MHC or α-skeletal actin.
Altered nuclear morphology and heterochromatin are prominent features of myocardial histopathology in Lmna -/-mice. Myocardial histological changes were present at evidence of myofibril hypertrophy, necrosis, interstitial fibrosis, or altered amounts of ECM. Sarcomere organization and intercalated disc morphology appeared grossly normal in all mice studied (Figure 3 , g-i, and data not shown). Alterations of nuclear morphology were prominent. WT myocyte nuclei had a well-rounded oval shape with a granular, dispersed pattern of chromatin and a distinct nucleolus (Figure 3d) . Lmna -/-myocytes contained nuclei that were elongated and lobulated with irregular, central chromatin clumps and a barely visible nucleolus (Figure 3f) . Lmna +/-nuclei had an intermediate phenotype (Figure 3e) .
To further characterize these nuclear changes, myocardial sections were evaluated by immunofluorescence microscopy and electron microscopy ( Figure 4) . Although eccentric loss of lamin B staining at one pole has been described previously in Lmna -/-embryonic fibroblasts (25), the nuclear lamina appeared intact in Lmna -/-cardiomyocytes (Figure 4c ). Hybridization with a pancentromeric heterochromatin probe confirmed that the dense deposits within Lmna -/-myocyte nuclei were made up of heterochromatin and also demonstrated fragmentation and displacement of heterochromatin (Figure 4f) . Electron microscopic images showed marked derangement of nuclear shape and size, together with peripheral and central heterochromatin clumping in Lmna -/-myocytes ( Figure 4 , i and l).
2 weeks of age and increased in severity by 4-6 weeks of age (Figure 3) . LV tissue from Lmna -/-mice had regions in which myofibrils had a stretched, wavy appearance, with occasional vacuolated cytoplasm and some increased interstitial spaces. There was no Cardiac myocyte properties were evaluated in WT (n = 8), Lmna +/-(n = 9), and Lmna -/-(n = 9) mice. Myocyte dimensions were measured in up to 20 stored cell images from each mouse. Contractile function was estimated using edge detection. Cells were loaded with the Ca 2+ -sensitive fluorescent dye, Indo-1/AM, for simultaneous recording of intracellular Ca 2+ concentration. Calibration of Indo-1 fluorescence was not performed due to potential problems associated with its compartmentalization within the cells and also additional fluorescence from incompletely de-esterified forms of the indicator. Values are therefore reported as relative changes in fluorescence ratio units following subtraction of background values. As an index of Ca 2+ -binding affinity, the relationship between myocyte shortening and change in Ca 2+ concentration for each group of mice was plotted, and the slopes during contraction were compared. For each heart, four to six cells were studied. Averaged twitches and intracellular Ca 2+ transients were constructed from a continuous sequence of 10-20 beats (see Methods). A P < 0.05 compared with WT; B P < 0.05 compared with Lmna +/-.
Figure 3
Myocardial histology in mice aged 4-6 weeks. Heart tissue from WT (a, d, and g), Lmna +/-(b, e, and h), and Lmna -/-(c, f, and i) mice was evaluated by light microscopy after staining with H&E (a-f) and electron microscopy (g-i).
Cross-sections at the midventricular level (a-c) show LV and RV dilation in Lmna -/-hearts. Apoptosis is a late manifestation of the disease phenotype in Lmna -/-mice. To determine whether apoptosis might be responsible for cardiac dysfunction and nuclear morphologic changes in Lmna -/-mice, serial evaluation of DNA fragmentation in LV tissue was performed using the TUNEL assay and DNA-laddering technique. Although there were no differences at 2 weeks, Lmna -/-mice had a significantly higher apoptotic index than WT and Lmna +/-mice at 4-6 weeks of age (Table 4) . Similar results were obtained when DNA fragmentation was evaluated at 2 weeks and 4-6 weeks using the laddering technique.
Disruption of nuclear-desmin connections in lamin A/C-deficient mice.
Since desmin filaments provide a direct physical link between the nuclear surface and the Immunostaining with a lamin B antibody (a-c) shows the nuclear lamina intact but altered in shape in Lmna +/-and Lmna -/-mice. Scale bar: 2 µm. Immunostaining with a pancentromeric heterochromatin probe (green) and DAPI (blue) (d-f) shows that centromeric heterochromatin forms discrete peripherally located blocks in WT nuclei with some irregularities of shape in Lmna +/-nuclei. In Lmna -/-nuclei, centromeric heterochromatin appears as small round foci at the periphery and within the nuclear interior. Confluent masses with a "beaded" appearance and larger, less dense masses with indistinct irregular borders are present. Scale bar: 1 µm. Longitudinal (g-i) and cross-sectional (j-l) electron microscopy images also demonstrate changes in nuclear morphology and heterochromatin organization. WT nuclei are characteristically oval-shaped with a thin rim of densely staining heterochromatin and a few small central deposits (g and j). Lmna +/-nuclei have some irregularities of shape and peripheral heterochromatin clumping (h and k). Abnormalities of shape and heterochromatin distribution are evident in Lmna -/-myocyte nuclei at 2 weeks of age (data not shown). By 4-6 weeks, the majority of Lmna -/-myocyte nuclei demonstrate morphologic changes, including elongation and bizarre shapes with clumping of peripheral heterochromatin (i and l). In approximately 50% of the nuclei, heterochromatin clumps of varying size and shape are observed within the nuclear interior. Scale bar: 2 µm. LV sections were evaluated for the presence of apoptosis by triple labeling using the TUNEL kit (to detect DNA fragmentation), DAPI (a DNA-specific stain used to identify nuclei), and anti-α sarcomeric actinin (to identify cardiomyocytes). Sequential images from 14-20 random fields were evaluated in a blinded fashion. The number of apoptotic nuclei was quantified using the apoptotic index, which was determined by dividing the number of positive-staining cardiomyocyte nuclei (derived from TUNEL and α-actinin stains) by the total number of cardiomyocyte nuclei (derived from DAPI staining), expressed as a percentage. A P < 0.05 compared with WT; B P < 0.05 compared with Lmna +/-.
cytoskeleton, we speculated that disruption of the desmin filament network might be one mechanism by which nuclear changes could result in LV functional defects. The nuclear attachment points of the LV desmin filament network were evaluated in detail using immunogold electron microscopy ( Figure 5, a-d) . In WT mice, there was close proximity of the nuclear envelope and myofibril borders, which were bridged by welldefined desmin filament bands (Figure 5a ). In contrast, Lmna -/-mice had marked disorganization of the desmin filaments, dilation of the nuclear envelope space with distortion of the nuclear pores, and increased perinuclear space with regions in which the nucleus and adjacent cytoskeleton appeared to be completely disconnected. These changes were present at 2 weeks ( Figure 5c ) and increased in severity by 4-6 weeks ( Figure 5d ). Lmna +/-mice showed an intermediate extent of disorganization of desmin-nuclear attachments. Evaluation of the LV desmin cytoskeletal intermediate filament network using immunofluorescence microscopy showed progressive disorganization of the Z disc cross-striation pattern, variation in the intensity of myofibril staining with patchy conglomerate formation, and regional diminution in the intensity of staining of intercalated discs in Lmna -/-mice ( Figure 5 , e-h). Northern and Western blot analyses showed no differences in LV desmin RNA and protein levels, respectively, between the three groups of mice at 2 weeks or at 4-6 weeks of age. Altered nuclear morphology and disruption of nuclear-desmin attachment sites were observed also in the LA and skeletal muscle in Lmna -/-mice ( Figure 6 ).
Progressive nuclear morphologic changes in Lmna -/-mice are associated with impaired nuclear translocation of SREBP1.
Recently, a novel interaction between lamin A/C and SREBP1 was identified (35) . SREBP1 is a transcription Figure 5 Disruption of the lamin-desmin intermediate filament network in lamin A/C-deficient mice. Attachment sites of desmin filaments to the LV cardiomyocyte nuclear surface were identified using immunogold-labeled desmin Ab's and electron microscopy. Approximately 30 nuclei from WT mice (n = 3), Lmna +/-mice (n = 3), and Lmna -/-mice (n = 3) aged 2 weeks and 4-6 weeks were evaluated. In WT mice (a), desmin filaments (black dots) generally appear as well-defined bands connecting the cytoskeleton with the nuclear surface through nuclear pores (insets). Disorganization of the desmin filaments with detachment from the nuclear surface (with or without widening of the gap between the nuclear and myofibril borders) was observed in 4 (13%) Lmna +/-nuclei (b) and 16 (59%) Lmna -/-nuclei (d), but in none of the WT nuclei at 4-6 weeks. These changes were evident in 14 (50%) Lmna -/-nuclei (c) at 2 weeks; scale bar = 0.25 µm.
Immunostaining with a desmin Ab (e-h) shows normal Z disc striations and intercalated discs in WT and Lmna +/-mice, but progressive disorganization of the desmin filament network in 2-week-old (g) and 4-to 6-week-old (h) Lmna -/-mice. Scale bar: 5 µm.
Figure 6
Nuclear morphology and nuclear-desmin attachments in LA and skeletal myocytes in mice aged 4-6 weeks. Electron microscopic images of myocyte nuclei in the LA (a, b, e, and f) and gastrocnemius (c, d, g, and h) show normal nuclear morphology and nuclear-desmin attachments in WT mice (a, c, e, and g) . Lmna -/-nuclei (b, d, f, and h) show changes in shape and heterochromatin clumping in the LA and skeletal muscle, although to a lesser extent than in the LV, with disruption and detachment of desmin filaments from the nuclear surface in both tissues. Scale bars: 2 µm (a-d) and 0.1 µm (e-h).
factor of the basic helix-loop-helix family that regulates gene expression by binding to sterol regulatory elements in the nucleus (36) . SREBPs are produced as membrane-bound precursors in the ER where they interact with the SREBP-cleavage-activating protein (SCAP). In lipoprotein-depleted cells, the SREBP-SCAP complex is translocated to the Golgi where it is cleaved by two proteases, releasing the N-terminal domain that is translocated into the nucleus via nuclear pores. SREBPs have an important role in regulation of cholesterol and fatty acid synthesis in adipose tissue (36) . Whether SREBPs are involved in metabolic homeostasis in other tissues, as well as the consequences of lamin A/C-SREBP1 interactions, are unknown.
We hypothesized that lamin A/C deficiency might alter the nuclear import and/or intranuclear actions of SREBP1 and hence contribute to the cardiac phenotype in Lmna -/-mice. Evaluation of SREBP1 protein levels in cytoplasmic and nuclear fractions of LV tissue showed no differences at 2 weeks of age. In Lmna -/-mice aged 4-6 weeks, the proportion of cleaved SREBP1 was increased in the cytoplasmic fraction and reduced in the nuclear fraction when compared with WT and Lmna +/-mice (Figure 7a) . Immunostaining also demonstrated a predominant perinuclear distribution of SREBP1 in Lmna -/-LV tissue at 4-6 weeks (Figure 7b) . Similar results were obtained in Lmna -/-LA tissue. There were no differences in LV or LA SREBP1 mRNA levels between WT, Lmna +/-, and Lmna -/-mice. Immunostaining of subcutaneous femoral and epididymal white adipose tissue and interscapular brown adipose tissue fragments showed no changes in SREBP1 distribution in Lmna -/-mice (data not shown). Since the intranuclear actions of SREBP1 in fatty acid metabolism are mediated by induction of PPARγ expression (37) , levels of PPARγ protein in LV tissue were evaluated. In Lmna -/-mice, PPARγ protein levels were unchanged at 2 weeks, but were reduced 50% at 4-6 weeks when compared with WT mice (data not shown).
Discussion
Mutations in the LMNA gene have been shown recently to cause eight diverse human diseases, the pathophysiological basis of which has not been elucidated. We find that mice lacking lamin A/C develop rapidly progressive DCM with conduction-system abnormalities. The critical defect arising from lamin A/C deficiency is altered cardiomyocyte nuclear morphology, with changes in size, shape, and heterochromatin organization. Abnormalities of cardiac function appear to result predominantly from perturbation of cytoskeletal tension due to disruption of desmin attachment at the nuclearcytoskeletal interface. The absence of a compensatory hypertrophic response and impaired nuclear translocation of SREBP1 may contribute to disease progression and indicate that the dysmorphic cardiomyocyte nuclei are also functionally defective. Although young Lmna +/-mice have no overt cardiac phenotype, a 50% reduction in lamin A/C does elicit an intermediate extent of nuclear morphologic change and nuclear-desmin detachment. Long-term follow-up to determine the natural history of these mice is in progress. These data suggest a novel basis for defective force transmission in DCM and provide the first evidence for a disease mechanism in laminopathies.
Current concepts for the molecular pathogenesis of DCM. Identification of disease-causing genes has yielded significant insights into the molecular basis of familial DCM. Two pathophysiological mechanisms have been widely proposed: defective force transmission and defective force generation (reviewed in ref. 38 ). The cardiomyocyte cytoskeleton is made up of a series of interconnecting proteins that provide a direct physical link between the contractile apparatus and the ECM. Mutations in genes encoding cytoskeletal proteins are predicted to alter the structural properties or organization of components of this pathway, resulting in reduced efficiency of active force transduction, whereas mutations in genes that encode sarcomere or Ca 2+ -handling proteins impair actin-myosin interaction and force generation (39, 40) . The discovery of mutations in the LMNA gene raised intriguing questions about the relationship between lamin A/C and DCM, since lamins are not known to participate in force transmission or force generation in cardiac myocytes.
Lamin A/C deficiency alters cardiomyocyte nuclear morphology. Previous studies in various cell types have shown that lamins are required for maintenance of normal nuclear shape and size (reviewed in ref. 6 ). The basis for altered morphology has not been characterized precisely, but can be attributed to structural weakness of the lamina and loss of the intranuclear lamin A/C scaffolding. Our data demonstrate that lamin A/C is a determinant of nuclear morphology in cardiomyocytes. In Lmna -/-mice, nuclear shape changes in the LV, LA, and skeletal muscle are more extensive than reported previously in hepatocytes (25) , suggesting that structural defects in the lamina may render the nucleus more susceptible to deformation within a contractile tissue milieu. In addition, the elongation and bizarre shapes observed in LV nuclei suggest that longitudinal and radial forces generated by chamber dilation may further exacerbate the effects of lamin A/C deficiency. Although the consequences of altered shape and size have yet to be defined, adverse effects on nuclear organization and function are likely. Whether the predominance of muscle phenotypes associated with LMNA mutations might be explained in part by a greater degree of nuclear dysfunction in contractile tissues remains to be determined.
Lamin A/C deficiency and the "altered gene expression" hypothesis. Since lamins bind to heterochromatin and to various transcription factors, abnormal gene expression has been proposed as a potential disease mechanism for laminopathies. Lamin A/C deficiency has been shown previously to cause thinning and focal loss of heterochromatin around the nuclear rim in embryonic fibroblasts and adult hepatocytes (25) . We find more severe heterochromatin disruption, with marked peripheral clumping and central displacement, in Lmna -/-cardiomyocyte nuclei. Immunofluorescence microscopy demonstrates fragmentation and disorganization of centromeric heterochromatin, indicating a critical role of lamin A/C not only in anchoring heterochromatin at the nuclear periphery but also in maintaining heterochromatin architecture. Since heterochromatin location and architecture and the spatial arrangement of the nuclear matrix have been proposed to be important determinants of transcription regulation (41) (42) (43) (44) (45) , altered gene expression would be expected in lamin A/C-deficient mice. Further studies are clearly required to determine temporal changes in gene expression and potential cause and/or effect relationships with DCM.
Lamin A/C deficiency and the "nuclear fragility" hypothesis. Several lines of evidence support the "nuclear fragility" hypothesis for laminopathies in which it is proposed that structural defects predispose the nucleus to rupture in response to mechanical stress with subsequent myocyte apoptosis. First, nuclear envelope herniation and rupture with osmotic stress have been observed in cell culture studies of LMNA mutations (20) . Second, lamina disruption and heterochromatin clumping have been described as early features of apoptosis (46, 47) . Third, exercise-induced apoptosis has been demonstrated in dystrophin-deficient skeletal muscle (48) . Finally, apoptosis has been implicated in disease progression in DCM and in cardiac conduction disorders (49) (50) (51) . In Lmna -/-cardiomyocytes, although nuclear morphologic changes were present at 2 weeks, DNA fragmentation was not identified. Since the process of apoptotic cell death is completed within 6 to 24 hours (52), evidence of DNA fragmentation would be expected if the nuclear morphologic changes were primarily caused by apoptosis. The presence of DNA fragmentation in Lmna -/-hearts at 4-6 weeks is consistent with apoptosis as a consequence, rather than the cause, of impaired cardiac function. While these data do not support the nuclear fragility hypothesis as a primary disease mechanism in sedentary Lmna -/-mice, they do not exclude the possibility that a minimal threshold level of mechanical stress might be required and hence, that "wear and tear" effects of repeated contractions could induce apoptosis in lamin A/C-deficient human hearts.
Lamin A/C deficiency causes detachment of desmin at the nuclear-cytoskeletal interface. A major finding of our study was evidence of disorganization and detachment of desmin filaments from the nuclear surface in lamin A/C-deficient mice. Desmin is a muscle-specific intermediate filament protein that forms a cytoskeletal scaffolding that provides strength and mechanical integrity to myocytes and has a putative role in cell signaling (53) . Desmin filaments link myofibrils radially along Z discs to the costameres, longitudinally to the intercalated discs, and attach directly to the nuclear surface. The desmin filament network interacts with lamin B at the nuclear pores (54, 55) . In vitro studies indicate that the binding affinity of lamin B for desmin is enhanced in the presence of lamin A (56) . In Lmna -/-mice, lamin A/C-deficiency per se would be expected to impair lamin B-desmin binding. In addition, mechanical stresses imposed by distortion of nuclear shape, muscle contraction, and LV dilation could exacerbate the effects of weakened lamin B-desmin connections.
Nuclear-cytoskeletal discontinuity as a novel mechanism for defective force transmission in DCM. We propose that loss of nuclear anchoring with subsequent laxity of the desmin filament network and altered cytoskeletal tension would impair force transmission in LV cardiomyocytes and result in systolic contractile dysfunction. While nuclear detachment is likely to have initiated disorganization of the LV desmin filament network in Lmna -/-mice, progressive degenerative changes in desmin filaments can also develop as a consequence of DCM (57) . The extent to which perturbation of nuclear-desmin attachments might initiate DCM in humans requires further evaluation; however, the recent finding of desmin disorganization in cardiac biopsy tissue from an individual in whom DCM and conduction-system disease was caused by a missense LMNA mutation (24) is consistent with the hypothesis that these changes may be disease causing. Detachment of desmin filaments from the nuclear surface was also present in LA and skeletal myocytes in Lmna -/-mice. These observations suggest that perturbation of the muscle-restricted desmin intermediate filament network might be a generalized mechanism for muscle phenotypes associated with LMNA mutations.
Recently, a second lamin-related nuclear-cytoskeletal protein network was described. Lamin A/C has been shown to interact with the inner nuclear membrane proteins, nesprin-1 (also known as Myne-1 or Syne-1) and nesprin 2 (or Syne-2). These nesprins have now been shown to be short intranuclear isoforms of giant nesprin proteins that connect the nuclear envelope to the actin cytoskeleton (58) (59) (60) (61) . Loss of lamin A/C binding to nesprin could exacerbate desmininduced changes in cytoskeletal tension. Additional studies are warranted to evaluate the nesprin-actin network in Lmna -/-mice.
Whether shorter sarcomere length in Lmna -/-mice represents growth retardation or disease pathophysiology has not yet been determined; hence, it is not known whether sarcomere function is normal or impaired. Abnormal sarcomere length could be associated with reduced systolic force generation mediated by alterations of Ca 2+ release or binding affinity (62) . Changes in intracellular Ca 2+ release do not appear to account for differences in LV systolic function since the peak amplitude of Ca 2+ transients was similar in the three groups of mice. While indirect estimates were consistent with abnormalities of myofilament Ca 2+ -binding affinity (Table 3) , it is notable that equivalent changes were present in Lmna -/-and in Lmna +/-mice. Given the relatively normal fractional shortening in Lmna +/-myocytes, it is unlikely that altered Ca 2+ -binding affinity is a significant determinant of reduced contraction in Lmna -/-myocytes.
Lmna -/-mice have impairment of physiological hypertrophy. Lmna -/-mice have growth retardation from 2 weeks of age, manifested in the heart as small cardiomyocyte size. The basis for growth retardation in these mice has not been fully explained, but it is notable that the recently described homozygous Lmna L530P/L530P mutant mice also show growth retardation, small hearts, and small cardiomyocytes (63) . These observations, and the normal size of Lmna +/-mice, indicate that a threshold level of up to 50% normal lamin A/C function is required for physiological growth. Although cardiac function in Lmna L530P/L530P mice has not been reported, the differences in heart size between these two mouse models may be explained by relatively greater impairment of LV contraction and/or less compensatory myocardial remodeling in Lmna -/-mice. The consequences of small myocytes in dilated hearts have been evaluated in detail in transgenic mice overexpressing the myelin basic protein kinase, mammalian sterile 20-like kinase 1 (64) . Increased LV diameter and wall thinning in these mice were attributed to altered interactions between myocytes and lateral myocyte slippage. Myocyte growth retardation may have similar effects in Lmna -/-mice.
Lmna -/-mice fail to develop compensatory LV hypertrophy. In addition to impairment of physiological hypertrophy, Lmna -/-mice have defective pathological hypertrophy. Failing hearts undergo progressive LV remodeling that includes the development of myocardial hypertrophy and fibrosis (33) . These structural changes in the LV walls, taken together with altered LV geometry, increase myocardial stiffness and LV end-diastolic pressure. Despite severe DCM, Lmna -/-mice fail to develop a compensatory hypertrophic response, as evidenced by the absence of myocyte hypertrophy and lack of induction of the molecular markers, β-MHC and α-skeletal actin. In the absence of hypertrophy and interstitial fibrosis, myocardial wall stiffness was unchanged.
Desmin is not considered to be an important determinant of the passive elastic properties of LV myocardium (65) , hence disruption of the desmin filament network would not be expected to impact significantly on LV diastolic properties. It is notable that desmin-null mice have severe disruption of cardiomyocyte architecture associated with degenerative changes, calcification, and interstitial fibrosis from the first week of life, with evidence of myocardial hypertrophy from 4 weeks of age (66, 67) . Despite a relatively greater extent of myocardial ultrastructural change, desmin-null mice have a more benign course than Lmna -/-mice with the gradual onset of DCM in later adult life and a normal life span (68) . These observations suggest that the absence of compensatory hypertrophy in Lmna -/-mice may accelerate disease progression.
Nuclear dysfunction as a cause of a "failed" hypertrophic response. The absence of a hypertrophic response to DCM is not a feature unique to Lmna -/-mice. For example, mice lacking muscle LIM protein (69) and also those lacking the muscle-specific integrin β 1 -interacting protein, melusin (70) , exhibit a blunted hypertrophic response to mechanical stretch due to defective sensing of the stretch stimulus. In Lmna -/-mice, there could be defects in intracellular signal transduction, nuclear translocation, and/or nuclear responsiveness to hypertrophic stimuli. The appropriate increases in LV expression of ANP and BNP in the setting of severe DCM suggest that mechanisms for sensing and transduction of mechanical stretch are intact. Although ANP and BNP can exert antihypertrophic effects (71), additional factors are likely to be involved. Reduced nuclear translocation of SREBP1, taken together with altered nuclear morphology and heterochromatin, suggest that defects in nuclear pore transport and/or transcription regulation of growth-promoting or growthinhibitory factors may be responsible.
Lamin A/C-SREBP1 interactions. Alterations of lamin A/C binding to SREBP1 have been proposed as a possible factor in the development of familial lipodystrophy (35) . Whether lamin A/C-SREBP1 interactions might have a role in other laminopathies is unknown. The absence of changes in intranuclear SREBP1 and PPARγ in LV tissue from mice aged 2 weeks indicates that (a) lamin A/C is not essential for the nuclear import or intranuclear actions of SREBP1 in the heart, and (b) disruption of lamin A/C-SREBP1 interactions does not represent a primary mechanism for DCM.
We propose that reductions in intranuclear SREBP1 and PPARγ in Lmna -/-mice at 4-6 weeks of age are caused by acquired defects in nuclear pore transport in LV myocyte nuclei. The normal distribution of SREBP1 in adipose tissue nuclei is consistent with this hypothesis. Lmna -/-mice have been reported previously to have low serum glucose, insulin, and triglyceride levels (72) . While this metabolic phenotype could be attributed to generalized defects in SREBP1 function, we suggest that growth retardation, muscular dystrophy, cardiac dysfunction, and possible reduced food intake are more likely causes. Defective myocardial energetics due to extranuclear accumulation of SREBP1 in the heart may exacerbate myocardial contractile dysfunction.
In Lmna -/-mice, altered nuclear shape, size, and intranuclear organization; dilation of the nuclear envelope space; and disruption of lamin B-desmin connections might promote changes in nuclear pore structure that would critically influence nuclear-cytoplasmic transport and, hence, a range of intranuclear functions. Dynamic changes in nuclear pore conformation have been reported to occur under conditions of cardiomyocyte stress (73) . Further studies are required to characterize nuclear pore structure and function in lamin A/C-deficient mice and to determine the extent to which nuclear transport defects might be attributable to the absence of lamin A/C or the presence of DCM.
